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LIMITS ON THE ELECTRON-ANTINEUTRINOMASS

J. F, Wilkerson

Physics Division, Los Alamos National Laboratory
Los Alamos, New Mexico 875b5

ABSTRACT

New measurements near the endpoint of the tritium
beta-decay spectrum are producing limits on the electron-
antincutrino mass which are below the central mass value
of 30 eV reported by ITEP1). The factors :-hatinfluence
the neutrino ❑ass sensitivity of tritium beta decay
measurements wil~ be discussed followed by a review of the
current experimental results,

1, INTRODUCTION

It has been nearly seven years since the report by the ITEP group

in Moscow of evidev,cefur a non-zero Ue mass from measurements near
2)the endpoint of the tritium betc decay spectrum , Motivated by this

result a number of new trftium beta decay experiments were begun and

during 1986 a few of theso experiments reported their first tesults,

Table 1 gives a list of tritium beta decay experiments that are

currently active, From this table it is clear that we ❑ay expect many

new results during the next few years from experiments using radically

different sources and quite diverse measurement techniques,

The important consequences a non-zero neutrino mass would have in

our understanding of physics demand that each experiment, independent

of its r~sults, be carefully examined, However, to perform a careful

evaluation of’any these experiments raqui.rosunderstanding the factors

that influence the neutrino mass sensitivity, Thus, maasurament

considerations will be dlscuss~d before reviewing the experiments that

havo reported results.
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2. TRITIUM BETA DECAY MEASUREMENT CONSIDEMTIONS

Tritium beta decay experiments are #en#itivtito Te mass in the

energy region of the beta spectrum from ● few mv below the endpoint

energy to the endpoint energy, Eo, of the decay. The ●ctual

experimental procedure is to measuro the energy region ●bout the

endpoi ttand &lso far below the ●ndpoint. Then, the curve derived

from extrapolating to the ●ndpoint from the measurements far below the

endpoint cm be compared with the measurements near the endpoint
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yialding R etnsitiv~ determination of the neutrino ❑ass. This effect

is illustrat~d in Fig, 1 whore Kuria plote of tritium decay mpcctra

arnsumin6mu -OoVandmV- 30 ●V are shown for the wmrgy ragion

Fig, 1, Kurio plot showing ch~
effect of noutriuo mass on tl]e
beta spectrum of tritium, The
dashed line repremants the
influenco of resolution
smearing and ●tomic final state
●ffects,



arcmnd Eo, This limited region of Ge ❑ass sensitivity imposes two

principal difficulties on any attempt to ❑ake a measurement. First,

the decay rate in the energy region near the endpoint is a very small

fraction of the total decay rate. For example, the decay rate in the

last 100 eV of the spectrum below E. is about 2 x 10-7 the total deca:;

rate. Thus, acquiring sufficient statistics with good signal-to-

background (S:B) is one of the primary considerations in making a

tritium beta decay measurement.

The second consideration for a measurement is that all possible

systematic effects which modify the beta spectrum must be accurately

a:counted for. Notice in Fig. 1 that in the Kurle plot

representatim, (a linearization of the beta decay probability

function) one expects that for the ideal case the zero neutrino mass

decay spectrum is a straight line while the finite neutrino mass decay

speetrum tunes downwards, However, in actual measurements,

resolution broadening effects and decays to the different atomic final

states of the source introduce an upward cumature to tho ❑easured

decay spectrum (the dashed curve in Fig. 1). Thus, one must

accurately account for all possible systematic effects, since an

underestimation of these effects will result in an underestimation of

the neutrino mass ●nd conversely an overestimation of the effucts

resl~ltsin an overestimation of the neutrino ❑ ass,

2.1 Systematic Effects

Systematic eifects ● re eithar source related or of instrumental

origin, A1l sources introduce energy loss and final state systematic

effects into a beta spectrum ❑easurement, Solid sources may have

additional non-negligible contributions from backscatteL-ingand

surface contamination, Instrumental systematic effects include the

finite energy resolution of the system and possibly energy-dependent

extraction efficiancios,

Because the elimination of ❑ost of thesa syntomatic effects is

impossible, one would like to minimize ●nd accurately account for them

in a model independent ❑anner, It is claarly preferable to design

into the experiment the capability to explicitly ❑easure those effects

since culculatfons often introduce ❑odel dependencies and the

corresponding uncertainties in the determination of mv,

2,1.1 ~ Whn a tritium atom decays to a 3He+ ion

there i~ ● probability of populating any of the energetically allowed

atomic final states of the daughter 3He+ ion, The observed beta



spectrum is actually the sum of all of the individual branches to all

possible final states. Extracting a reliable value for ❑v requires

the precise knowledge of the branching ratios and the energies for all

possible final decay states. This ia because the reported neutrino

❑ass is of the same order as the binding energy of electrons in 3He,

The only sources for which the decay probabilities can be

accurately determined are for atomic tritium3) ●nd molecular

tritium4”5) whrarethe uncertainties ●te at the level of -1 eV. For

complex sources such ●s the tritiated valine ❑olecule used by the ITEP

groupl) or tritium implanted in carbon used in the Zurich experiment6)

the final state effects ●re difficult to calculate ●nd exact

calculations ●re impossible. Hence, ❑odel depandent uncertainties are

Introduced Into the mu value or limit for ●ll sources ●xcept ionic,

●tomic or ❑olecular critium.

NEUTRINO MASS (eV)
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l%- ●bsolutely critical role that final stato ●ffects plmy in

determining ●n exporimont’s best value for mu can ba saan in Fig, 2.

This figure of X2 va mv2 from Fritschi et ●l.6) displays various X2

cumes ●ssuming different final ●tatas configurations, Although there

are ●lmoat no diffor~nc.le in the bast X2 values for the different

configurations thero ma significant differences in the best mv2

valuess For ex~pla ●ssuming molocular final mtatos instead of atomic

finil ●tatos results in u shift of the best valua of mw by 15 ●V,

‘7,1,2~~ Tlm total resolution fmction (TRF)

is deflnad ●s tho convolution of tha instrumental resolution and the

total sourco ●norgy lees, In ●n ●nalogous fashion to final state

●ffects, ●n ●ccurata knowlodga of the TRF Ls absolutely imperative,



Most ●xperiments have devised methods to directly ❑easure instrumental

resolution. But, ascertaining the energy loss contributions has

proven more difficult. With solid sources the total energy loss is a

combination of energy loss in the target, energy loss of electrons

that backscatter from the source backing, ●nd energy loss in any

surface contamination.

A few commente on the parametrization of the TRF are warranted,

The full width half maximum (RJHM) of the TRF 1s ● very poor

description of the distribution. For example the ITEP TRF shown in

Fig. 3 hss a M of 22 eV but the second moment, u*, of the

distribution is 2250 eV2. (The effect of this eize TRF on the

spectrum If expressed in neutrino mass is -67 eV.) However, one must

●lso use caution in using the 02 parametriz~ltion●nd explicitly define

the energy region used for its calculation. This is because a2 of

TRFs that include backscattering tend toward infinity ●s the energy

region used for the calculation becomes lar~;e. When making

/’””’ \
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Fig, 3. Total Resolution
Function of the ITEP tritium
beta decay ●xperiment.
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comparison bc~en different ●xperiments the best ❑ethod is to

●xamine tho ●ctual TRF and not just the FUHMor the second moment

parameters, Finally, often whan tritium bmta decay experimmts are

being dlscussod there 1s ●mphaeis on the instrumental resolution while

source ●nergy loss ie ignorsd, Clearly the TRF of ●n experiment is

ths relewnt distribution to ●xamine.

2.2 Summary Of Heaeurement Coneideratlone

A statistically significant result that ●ither implies a finite

neutrino ❑ase or rules out ● noutrino ❑ass is meaningless if ●ll

systematic ●ffecte have not been ●ccurately ●nd completely ●ccounted

for, Henco, the ●lamination or minimization ●nd total understanding

of ●ll systematic ●ffecte is crucial in obtaining a believable result,



If experiments push the ❑u value towards zero the limitations imposed

by systematic effects will dominate and ❑ust not be ignored.

3. ANALYSIS CONSIDEMTIONS

Before reviewing the experimental results a few comments with

regards to the analysis of the data are in order. Most of the

experiments analyze the data by simultaneously fitticg several

parameters of the Fermi decay probability function

N(E) - C F(Z,R,E) Pe E Ziwi(Eo-Ei-E)[(Eo-Ei-E)2-mv2c4]1/2

x [1 + U1(EO-E) + a2(Eo-E)2] ; E s Eo-Ei-mvc2

by using a ❑aximum likelihood method. In their analysis, ❑ost of the

experiments fit to the neutrino mass ❑v, the endpoint energy E~, and

amplitude C. They may additionally fit to a collection of the

following parameters; the background BG, a linear correction

coefficient al and a quadratic correction coefficient a2. The use of

these coefficients al and a2 must have some physical ❑otivation,

Finally, a few general comments on the analysis:

- The maximum likelihood estimator must employee the proper

statistics. For example, in the Los Alamos analysis7), it was

discovered from Monte Carlo simulation studies that using the Gaussian

statistics based X2 estimator introduced a non-negligible systematic

shift to the best fit ❑u value. The use of Poisson based maximum

likelihood estimator eliminated the shift error.

- Regardl~ss OL the parameters fit, che results from the analysis

should not depend (wi&in statistics) on the portion of the spectrum

analyzed,

- Determining the error of ● result requires careful analyses of all

systematic errors using the maximum likelihood ●nalysis code,

Attempting to make approximations and simplifications for analytical

analyses oi errors is not only dangerous but usually wrong,

4. CURRENT RESULTS

In addition to ● new ITEP ❑v value, three experimental groups

have reported limits on ❑v from tritium beta decay measurements in

1996. The unique ●spects and salient ftiatures of thase four

experiments will be discussed below, Table 2 offers a summary of s~m~

of the partinent parameters from these experiments. Btcause of space



limitations, experiments reporting preliminary results and the less

sensitive Si detector experiments will not be examined.

contains reports from many of these experiments.)

Eapt.

Mm

ITEP
Zurich

INS

Table 2.

tit

Last 100 WV

Total
#

to GY’

4:1 . 6k 540 36

16:1 130k 2250 22
? -loook 530 27

1:1 5k 1197 1{

0.1 03

-b 37

-4 60

1.5 60 - 65

(Reference 8

Limit or Value

●v

* 27 95% CL
3of2

* 16

c 32 952 CL

● @z was calculated owr tha TRP msrgy ran~m of +30 to -150 9V.

It is interesting to note (Table 1) that the groups that have

results are using some type of ❑agnetic spectrometers. Although the

electrostatic spectrometer experiments have excellent instrumental

resolution, thus far all of these experiments have encountered

difficulties and delays, usually arising from background problems. It

is encouraging however, that three of these experiments have started

taking preliminary data with tritium sources and may produce results

in 1987.

4.1 Los Alamos Experiment

Of the experiments with results or taking data the Los Alamos

experiment is the only one using a gaseous molecular tritium source

and hence the only experiment with model independent results. In

addition to the clear advantage of using ● source with ●imple, well

understood final stateo, the use of ● gaseous source eliminates

backscattering and murface contamination that add uncertainties to

solid source baeed ❑easurements. Furthermore, the USM of a pure

tritium source yields the highest specific activity, thue ❑inimizing

8ource energy lose,

The Los Alamos apparatus, which has been described in detail

elsewhere) , consists of an extended source and a totoidal

spectrometer. The instrumental resolution function is directly

measured using ● short-livad (1,8 hours) gaseous 83mKr isomer

17.835(20) keV K-conversion line. Calculations to determine the

energy loss contribution to the TRF ●re based directly on doubly

differential cross-section for ●lectrons scattering from H2.



The Los Memos data consist of four data sets, ●ach of 3-4 days

duration (Fig. 4). In the analysis of the deta mv, Eo, C, BG, and a2

were fit. The inclusion af the a2 term was based on the energy

dependent ●xtraction efficiency of the apparatus. The uncertainty in

the final result is predominantly statistical. An upper limit on the

mass of the electron antineutrino is found to be 26.8 eV at the 958

confidence level (CL) or 23.3 eV at the 90e CL Improvements now in

progress to the ●pparatus are expected to result in a sensitivity to

neutrino ❑ass in the vicinity of 10 eV,

n

8400 17400 10400 I840
Flaclroa -mwgy, ●V

Fig. 4. Kurie plot of one of the
LANL data sets.

4,2 ITEP Exparimant

1

.,I
4 :0.5 18.6 18.7

ENERGIE (kW)

Fig. 5. Zurich data with fits
for ❑w = O ●nd mv - 35 eV.

The ITEP ●xperiment using s complex amino ●cid tritiated valine

source ●nd ● toroidal spectrometer has implemented ● number of

improvements since their initial measurement. They have substantially

improved their S:B ratio ●nd implemented ❑ethods to directly measure

their instrumental resolution function ●nd source energy loss

contribution, Tht fitting parameters mv, Eo, C, a2, ●nd (in the 1996

analysis) al were used in the ●nalysis, The ❑odel dependent result of

30 2 2 eV 18 statistically significant, but ●ystamatic uncertainties

remain, ●specially from the uae of the complex valhe source,

The ITE? ●xperiment also claims ● model independent limit on the

neutrino maas of 1’/< ❑V < 40 ●V. This limit is obtainad by ●nalyzing



tiledata while compressing or expanding the energy scale of the valine

final state spectrum and observing at what points the fit E. is

incompatible with E. determined from ion cyclotron resonance

❑easurements of the T-3He mass difference.

4.3 Zurich Experiment

Like the ITEP experiment, the results from tl.eZurich

measurement are not statistics limited (Fig, 5), but their upper limit

on mv of 18 eV (no confidence level quoted) is in direct disagreement

with the ITEP result, Since the statistical evidence to support both

claims is very strong, the difference between the two results must

arise from systematic problems in one or bo’n experiments. The

instrumental resolution function of their toroidal spectrometer is

calculated while the energy loss of their source (tritium implanted in

carbon) is calculated from plasmon excitation theory using their

measured tritium implantation depth. Backscattering is not included

in the Zurich TRF, but is taken into account by using the al fitting

parameter during the analysis (mP, Eo, C, & EC are also fit). The

final state configuration of CH3T is assumed for their implanted

source. New data with over ten times more statistics and better

instrumental resolution has recently been acquired ar,dnew results

shouid be forthcoming soon.

4.4 INS Experiment

The Tokyo experiment) uses an air core w~ magnetic

spectrometer and a novel ❑ono-layer Cd salt of arachidic acid

containing tritiumm By replacing the natural Cd with 109Gd,

❑easurements with the Ag KLL Auger lines ●now determination of

instrumental resolution and of source energy losses. Although

calculations of FS effects are in progress for the actual source, the

present results used the identical val.ine final state calculations

used by the ITEP group. The parameters ❑p, Eo, C, c1 IX2 were fit in

the data analysis which yields a model dependent upper limit on mv of

32 eV at the 95% CL. The INS group plans to acquire increased

statistics which ehould improve their current limit,

A few final obse~ations on tha present ❑easurements:

- Exchanging the ITEP and Zurich TRFs would essentially produce an

exchange of their results,

- Notice in Table 2 that the values for source thickness and percent

of electrons emerging from the source with no energy loss seem to be



inconsistent for the solid source based ITEP, Zurich, and INS

experiments.

5. CONCLUSIONS

Based on current results the Fe mass question is still open. In

1987 a more definitive answer on thei7e mass should be reached.

However, one ❑ust beware of the problem of “intellectual phase

lockingn where result~ agree with the expected value and are not

rigorously examined. All of the experiments must be critically

examined regardless of their results, Sufficient statistics are

necessary for a reliable measurement, but as the limit on mv is

further zeduced the role of systemati- effects will become

increasingly important, Elimination or the direct measurements of

systematic effects is the crucial requirement in ❑aking a reliable

determination of the Te mass.
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